To understand the impact that a mutator/suppressor founder has on the spectrum and fate 1 0 2 of new beneficial mutations, and on the dynamics of population structure, we repeated Adams et 1 0 3 al. classic evolution experiments using the same ancestral strain and culture conditions [30] . We 1 0 4 monitored, at 50-generation intervals, the incidence of mutations that reached at least 1% 1 0 5 frequency over the course of 300-500 generations, identifying mutations that were either 1 0 6 transiently beneficial or hitch-hiking with mutations that were. To determine which mutations 1 0 7 co-occurred within a given lineage we sequenced 96 clones from each population at the time-1 0 8 7 point where we observed greatest allelic diversity. We uncovered no evidence for stable sub-1 0 9 population structure, but instead saw pervasive clonal interference, with only 17 out of 3,346 1 1 0 mutations going to near fixation across replicate experiments. The temporal order in which 1 1 1 certain mutations rose to high frequency was predictable, reflecting a high degree of parallelism 1 1 2 both within and between replicates. In general, mutations that enhanced glucose assimilation 1 1 3 arose early, followed by mutations in global regulators and mutations that either increase 1 1 4 efficiency of limiting resource utilization or mitigate the deleterious effects of certain earlier 1 1 5 mutations. Altogether, our results show that even in bacterial populations founded by an ancestor 1 1 6 having a high mutation rate and the capacity to tolerate many de novo mutations, the spectrum of 1 1 7 genomic changes that rise to appreciable frequency and the adaptive outcome of replicate 1 1 8 evolutions are limited when those populations evolve in a simple constant environment. aerobic conditions for 300-500 generations at constant temperature (30°C) and at constant 1 2 5 dilution rate (D=0.2 hr -1 ). Under these conditions, population density reaches ~10 8 cells mL -1 at 1 2 6 steady state. The E. coli strain used to initiate these experiments, JA122, is distinguished from E. coli K12 by alleles likely to influence the spectrum of mutations arising during adaptive 1 2 8 evolution (Table S1; [28] ). Among these is a nonsense mutation in MutY (Leu299*) that results 1 2 9 in a 10-fold greater mutation rate and GC TA transversion bias [28] , nonsense mutations in the 1 3 0 genes that encode stationary phase sigma factor RpoS (Gln33*) [35] and 'housekeeping' sigma 1 3 1 8 factor RpoD (Glu26*), as well as a suppressor mutation in the glnX tRNA known to suppress 1 3 2 amber, ochre and opal mutations (Table S1) [36] . To identify the mutations that arose during the evolutions, we performed whole genome, 1 3 4 whole population sequencing every 50 generations on each of the three chemostat populations. We generated approximately 50 million 2x100bp paired end reads per sample, yielding coverage 1 3 6 of up to ~1000x for each time point (inserts were selected to be short enough such that forward 1 3 7 and reverse reads overlapped, which while reducing coverage, increases quality; see Methods). Based on this level of coverage, we were able to identify mutations that rose to an allele 1 3 9 frequency of ~1% of greater. Given an effective population size of >10 10 and 300-500 1 4 0 generations of selection it is highly improbable that any allele could reach such a frequency by 1 4 1 drift alone [23] . We can therefore assume that every mutation recovered was either under 1 4 2 positive selection or hitch-hiking along with one that was. intergenic regions (File S1). The overwhelming majority (97.5%) of these SNPs were GC TA 1 4 6 transversions, as expected given the ancestral strain's defect in the mismatch repair protein MutY, which encodes adenine glycosylase [37] . Consistent with the protein coding density of E. and shown in Fig. S2 , MalK Ala296Asp sweeps early in chemostat 1, whereas in chemostat 3, 2 7 0 early MalK mutations (blue) are displaced by later mutations in MalT (green). In chemostat 2, 2 7 1 the picture is quite different: clones with either malK or malT mutations co-exist through all 500 2 7 2 generations. The reason for this contrast in allele frequency dynamics cannot be attributed to 2 7 3 emergence of a single "most fit" allele, as the majority types from chemostats 1 and 3 arose high-value targets for selection during adaptation to glucose limitation, other advantageous 2 7 6 mutations (upstream mglB, rho and hfq, discussed below) may have ultimately carried "winning" 2 7 7 mal alleles in chemostats 1 and 3 to higher frequency, purging allelic diversity at this locus. Interestingly, although we observed 30 malT and 22 malK mutations in the population 2 7 9 sequencing data (Table 1) , in only 5 out of the 288 sequenced clones do mutant alleles of these 2 8 0 two genes co-occur, suggesting that there may be no additional advantage or even some Hfq is one of the most frequently mutated genes observed in our experiments: 24 hfq 2 9 4 mutations, resulting in 14 distinct hfq alleles, were detected via population sequencing; by the 2 9 5 end of our evolutions >50% of each population carried a mutation in hfq (Table S3 ). (Table 1) .
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Two of these alleles arose independently in all three vessels (same nucleotide position, same 2 9 7 SNP), and six additional alleles were observed in two of three vessels ( Table S4 ). The frequency frequency-dependent selection and epistatic interaction with mutations in rpoS [32, 52, 62, 63] . In chemostat 3, a single hfq mutation arises early (Ser60Tyr, present by generation 100), sweeps 3 0 8 to near fixation alongside MalT Met311Ile and is closely followed by mutations in opgH ( Fig. 3 0 9 S1, File S5).
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Rho-dependent terminators within multiple genes relevant to glucose limitation, specifically 3 1 5 lamB, mglA, and mglC and downstream of malT and mglC [71, 72] . In fact, it has long been 3 1 6 known that defective LamB expression in MalT activator mutants can be restored via 3 1 7 compensatory mutations in rho [73] . In chemostats 1 and 3, Rho mutations fix or nearly fix early of mglB (chemostats 1 and 3, bp 2,238,647) (Figs. 5, S1, Table S3 , Table S5 , Supplementary 3 2 0
Files 2 and 4). Conversely, in chemostat 2 only three rho alleles were detected, none of which 3 2 1 rose in frequency to >6% of the population (Fig. S1 , Table S3 ). were detected over the course of our three replicate evolutions. However, few rose to appreciable 3 2 8 frequency before generation 200, suggesting their benefit may be contingent on the presence of 3 2 9 other mutations or some aspect of the chemostat environment that consistently changed after this 3 3 0 time point. Pgi alleles were least successful in chemostat 1, which was also the only replicate in the mglBAC promoter may be functionally redundant. not observe opgH mutations earlier than generation 100, they rapidly increase in frequency once 3 3 7 1 7 they appear, usually either just before or just after hfq mutations ( Fig. S1, S4 , File S3-S5). Novel 3 3 8 opgH alleles, especially the nonsense mutations that we frequently observe, may constrain 3 3 9 glucan production and serve as a glucose conservation measure. A "moonlighting" function has 3 4 0 also recently been reported for OpgH: the glucosyltransferase interacts with the tubulin-like cell (σ 70 ) is the predominant sigma factor associated with RNA polymerase during exponential 3 4 9 growth. As cells enter stationary phase, transcription of the gene for alternate sigma factor RpoS 3 5 0 (σ S ) increases [76] . rpoS mutations are often selected for under continuous glucose limitation as 3 5 1 they allow continued transcription from promoters negatively regulated by σ S but required for 3 5 2 glucose uptake and metabolism (e.g. [77, 78] ).
Mutations that impact energy conservation, membrane biogenesis and cell adhesion are
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In chemostat 1, a mutation in the rpsU-dnaG-rpoD macromolecular synthesis operon 3 5 4 upstream of dnaG (bp 3,209,081 G T) was present in over 90% of the population by generation 3 5 5 50 ( Table S5 ). This SNP decreases the stability of the rho-independent terminator T 1 situated 3 5 6 between rpsU and dnaG, and thus may be expected to increase expression of RpoD [79] and as a rise to three of four consortium members [30, 34] . In addition, in Chemostat 2, we observed an particularly fimH (fimbrial adhesion), were an unexpected and frequent target of mutation in all 3 6 4 three chemostats ( Table 1 , Figs. 4, S1, Table S3 , Files S3-S5). Though novel fim alleles were 3 6 5 transient in vessels 2 and 3, in chemostat 1 a FimH Asn54Lys variant rose to a frequency of 70% 3 6 6 by generation 150, temporarily displacing high-fitness alleles in rho, malK and upstream mglB 3 6 7 (File S3). Because fimH mutants demonstrated an increased capacity for biofilm formation (data 3 6 8 not presented), a recurrent issue in chemostat experiments, but did not acquire any of the 3 6 9 mutations expected to enhance glucose metabolism, fimH mutations were likely related to 3 7 0 chemostat persistence rather than to competition for limiting substrate. would not only have an increased mutational load but also the capacity to tolerate those 3 7 9 mutations, in particular nonsense mutations that would otherwise result in complete loss-of- to RNA polymerase, repressing genes required for growth and cell division and activating those 3 9 0 required to enter stationary phase [78, 83] . rpoS mutants thus continue to divide under conditions 3 9 1
where wild-type cells arrest. In this respect, our genetic 'point of departure' could be viewed as ancestral rpoS and rpoD nonsense mutations in a suppressor background is murky and raises the 3 9 4 question of whether this combination of mutations is favorable under glucose limitation, merely 3 9 5 tolerated or detrimental. Despite the fact that many changes we observed (galS, upstream mglB, 3 9 6 hfq) enhance glucose assimilation, are predictable, occur repeatedly and rise to high frequency, 3 9 7
we also saw the persistence of clones with none of these mutations that instead carry intragenic Another ancestral allele that we expected to influence evolutionary trajectories was an up a secondary resource for novel mutants that can [34] . Here, we uncovered no evidence for the 4 0 7 type of cross-feeding described in prior reports [29, 30, 33] . This result was not unanticipated, as 4 0 8 evidence for cross-feeding polymorphisms was observed in only half the evolution experiments 4 0 9 founded by this ancestor or its close relatives [33] . Moreover, a recent model [31] defining the 4 1 0 boundary conditions for cross-feeding to evolve in a chemostat showed that such an outcome is 4 1 1 sensitive to variation in dilution rate as well as to the relative fitness of de novo mutants that gain 4 1 2 access to secondary metabolites. Subtle differences in either of these parameters may account for 4 1 3 why we saw no evidence for acetate/glycerol/formate cross-feeding in our experiments. The 4 1 4 absence of such interactions may also be due to the fact that no variants arose at loci where 4 1 5 mutations have been implicated in cross-feeding evolution: acs (acetyl CoA synthetase), lpd 4 1 6 (lipoamide dehydrogenase) and ptsI (phosphoenolpyruvate phosphotransferase). As expected, the ancestral acs-pta defect resulted in appreciable levels of residual acetate 4 1 8 (~45-90 μM) at the onset of our experiments (Fig. S3) . While we uncovered no evidence for the 4 1 9 evolution of secondary resource specialists [30, 31, 33] and refs therein), residual acetate levels 4 2 0 consistently fell below detection limit by generation 200. Thus, adaptive mutants arising here 4 2 1 found other ways than cross-feeding to metabolize all available carbon. One possible work-4 2 2 around may involve the pgi locus, which was second only to galS in the total number of 4 2 3 mutations recovered (Table S2) . Generation 200 coincides with the emergence of mutant pgi 4 2 4 alleles in all three populations. In chemostat experiments with pgi deletion mutants, Yao et al. found that in the absence of Pgi, glucose uptake rate drops slightly compared to wild-type, but no frequencies by draft, all were either transiently beneficial or hitchhiking with alleles that were. the genome is skewed, with only a few dozen of the more than 1,000 mutated genes having a 4 4 1 significant number of mutations; yet even among these most frequently mutated genes, few de 4 4 2 novo mutations fix. Third, by clonal sequencing we are able to determine that many, independent A fourth pattern to emerge is widespread parallelism in regulatory evolution. Both across 4 4 7 and within populations, the same genes are mutated again and again, often at exactly the same 4 4 8 nucleotide position in independent replicates, and sometimes in independent lineages co-4 4 9 evolving in the same vessel. Many of these genes (galS, malT, malK, upstream mglB, hfq, rho) 4 5 0 act in processes related to the transport and assimilation of the limiting nutrient, glucose. However, in most cases the mutations recovered alter regulation of these processes, and not the 4 5 2 structural proteins that carry them out.
A fifth pattern relates to the order of beneficial mutations and the influence that order has 4 5 4 on dynamics. Consistent with previous reports, mutations that increase glucose flux across the 4 5 5 inner membrane (galS, upstream mglB) occur early and precede those that increase flux across 4 5 6 the outer membrane (malK/malT, hfq, rho). In both cases, mutations in binding partners which alleles are already present in the population (Fig. S1) . These patterns are echoed by the At the clone level, BW2952 also exhibits sign epistasis between mutations in rpoS/hfq and 4 7 2 galS/malT [32, 52] . In our experiments, we did not uncover evidence of sign epistasis between occur with beneficial mutations upstream of mglB, but otherwise remain at low frequency (Table   4 8 9 S3, Fig. S1 ). This dependence on genetic context, or "quasi-hitchhiking", of beneficial mutations The evolution of population genetic complexity. Szostak, Hazen and others [88, 89] argue 4 9 4 that a biological system's complexity should be evaluated in terms of its functional information 4 9 5 content. Although the total number of alleles in an evolving population at any given time-point is 4 9 6 information content, it is functional only in how it is integrated among the lineages co-existing at 4 9 7 2 4 that time-point. Our approach of integrating population sequencing with clone sequencing makes 4 9 8 it possible to estimate the pace and extent with which complexity, measured as lineage-specific 4 9 9 functional information [88, 89] , emerges in replicate evolving populations originating from a 5 0 0 common ancestor. Implicit in our perspective is the assumption that the sequence differences by is intriguing to contemplate the possibility that there may be a limit to the level of clonal 5 1 4
interference that can be sustained in asexual populations once all avenues for large fitness gains an adaptive mutant causes a stochastic crash in diversity, the generation of new adaptive mutants within such a fixing lineage is expected to generate new diversity, such that a longer term steady rationale for this was that it would afford us the greatest opportunity to phase as many high 5 7 8 frequency alleles as possible.
7 9
Clonal DNA preparation. A colony was re-suspended in 300µL of sterile ddH 2 0 with 17% 5 8 0 glycerol and stored in three aliquots at -80°C. 100 µL of glycerol stock were used for DNA mutations are at a lower frequency at the end of the experiment than they were at their 6 4 0 maximum. which allele for each gene). Underlined numbers denote alleles independently observed in more 6 5 0 than one chemostat, while numbers marked with an asterisk appear to have arisen more than Table S5 . Fixed alleles among replicate populations ("fixed" defined as >98% at any time point 7 0 6 between generation 50 and 500). File S1. Identity and frequencies of mutations detected via population sequencing. of signaling networks is the major adaptive strategy in a constant environment. PLoS 7 6 8
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